The next generation technologies based on perovskite solar cells (PSCs) are targeted to develop a true low cost, low tech, widely deployable, easily manufactured and reliable photovoltaics. After the extremely fast evolution in the last few years on the laboratory-scale, PSCs power conversion efficiency (PCE) reached over 24%. However, the widespread use of PSCs requires addressing the stability and industrial scale production issues. Carbon based monolithic perovskite solar cells (mPSCs) are one of the most promising candidates for the commercialization of the PSCs. mPSCs possess a unique architectural design and pave an easy way to produce large area and cost-effective fabrication of the PSCs. In this article, recent progress in the field of mPSCs, challenges and strategies for their improvement are briefly reviewed. Also, we focus on the predominant implementations of recent techniques in the fabrication of the mPSCs to improve their performance. This review is intended to serve as a future direction guide for the scientists who are looking forward to developing more reliable, cost-effective and large area PSCs.
Background
The first monolithic photovoltaic (PV) device was reported by Kay and Grätzel [1] in 1996. They fabricated a monolithic device consist of a transparent SnO 2 layer on a glass substrate, a mesoporous TiO 2 layer, an insulating ZrO 2 layer and a counter carbon electrode (as shown in Fig. 1a ). Carbon electrode was made up with carbon paste consists of graphite powder, carbon black and using TiO 2 as a binder. The pores of mesoporous layers were filled with a redox electrolyte to facilitate the transportation of the charge carriers between the SnO 2 and carbon respectively. The photo conversion efficiency (PCE) of these individual monolithic cells was 6.67%. Further, series connection of the mPSCs on the SnO 2 substrate were accomplished to prepare a solar cell module and a PCE value of 5.29% was recorded over the area of 21.67 cm 2 [1] . This work successfully demonstrated the working principle of the monolithic PV devices and provide enough background to make a monolithic solar cell module for scale up fabrication. However, this module had drawbacks associated with liquid electrolyte. Particularly, the carbon layer was swelled after electrolyte absorption. Hence this liquid monolithic solar cell was needed to modify into solid state monolithic cells.
In 2013 Ku et al. [2] reported the first solid state mPSCs device using the carbon black/spheroidal graphite and obtained a PCE value of 6.64%. This device exhibited a stable performance over 800 h at room temperature. This work initiated the research towards the cost-effective carbonbased solid state mPSCs. Later, this group did a series of researches to improve carbon electrode-based hole transport layer (HTL) free mPSCs. To improve the PCE, in the following work, an ordered mesoporous carbon (OMC) was mixed with flaky graphite to prepare a carbon paste which was employed to fabricate the mPSCs. OMC is extensively used as an electrode material for electrochemical applications, due to its good surface morphology, consistent and tunable pore sizes and physicochemical properties. However, due to its low conductivity, the carbon paste was not suitable for mPSCs electrodes and hence it was mixed with graphite [3] . For further improvement, they used TiO 2 nano-sheets and employ two step sequential deposition of perovskite liquid. Initially, PbI 2 were coated by spin coating, then cells were dipped into the MAI solution for 10 min. This process enhances the electrical linking between layers hence 10.64% PCE was attained [4] . This was further improved to 11.6% PCE by optimizing the thickness of the carbon counter electrode and the size of flaky graphite particle used in carbon slurry [5] .
In 2014, Mei et al. [6] published a benchmark work which pushes mPSCs towards stability and scalability, they infiltrated mesoporous layers with (5-AVA) x (MA) 1−x PbI 3 to substitute MAPbI 3 [6] . The perovskite solution was formed in two steps, first by mixing 5-ammoniumvaleric acid iodide (5-AVAI) with methylammonium iodide (MAI), this solution was further mixed with lead iodide (PbI 2 ) in γ-butyrolactone. Organized 5-AVA + cations swapped MA cations in the cuboctahedral location of conventional perovskite and creating novel mixed-cation perovskite with orthorhombic phase. The 5-AVA molecules formed extended hydrogen-bonded chains among COOH and NH 3 + groups and I − ions from the PbI 6 octahedra, which behaves as a stimulating agent to produce mixed-cation perovskite (5-AVA) x (MA) 1−x PbI 3 . Crystals made with this hybrid perovskite possessed minor imperfection and presented enhanced pore filling across the TiO 2 , ZrO 2 , and carbon scaffolds, hence created better crystallinity network between the layers. This mPSCs was revealed with a certified PCE of 12.84%, with a very less value of hysteresis and a high value of J sc (22.8 mA/cm 2 ). This device was tested under 1 sun without any encapsulation and the device stability was more than one 1000 h. The 5-AVA cations govern growth of perovskite crystals in the deep porous cavities of TiO 2 layer. The device made with conventional MAPbI 2 perovskite revealed unoccupied nanopore in the mesoporous layers due to the faster precipitate formation of MAPbI 2 [6] . After these initial works many reports have been described (summarized in Table 1) to improve mPSCs device by mesoporous layers and perovskite liquid improvement.
Here it is also important to highlight that typically PSCs are consist of anode/ETL/perovskite/HTL/cathode (n-i-p) structure. The perovskite layer absorbs the incident photons and generate electrons and holes, which are separated by the electron transport layer (ETL) and the hole transport layer (HTL) and further move towards the anode and cathode of the cell creating the flow of electric current. The metal electrodes are deposited under high vacuum by physical vapor deposition (PVD) while the other layers are usually spin coated for PSCs fabrication. The PVD and spin coating processes are only appropriate for small scale fabrication. Due to all above stated reason, in spite of attaining high efficiency, PSCs are very far from commercial manufacturing [20] . Henceforward fabrication protocols for all the layers which is easily acceptable for large area PSCs manufacturing are highly desired.
Challenges to develop the large area mPSCs
The 1 st challenge is to develop or optimize the cost-effective technique for the infiltration of perovskite precursor ink with very high reproducibility. It is highly desirable to optimize the infiltration procedure for the mPSCs to prepare the devices with high yield. The inkjet infiltration technique demonstrates noteworthy performance and reproducibility. It opens new paths for batch printing [16] , nevertheless the use of this technique is mainly limited by quick conversion of perovskite liquid precursors to perovskite crystals, hence the nozzles of the printer cartridges experience blockage very rapidly and stop working for specific materials deposition. Even the introduction of additives in the perovskite precursor solution could not completely solve the problem of the nozzle blockage in the inkjet infiltration procedure. Furthermore, the maintenance and the capital cost of the inkjet printer for the perovskite precursor is also very high.
To avoid the nozzle blockage issue either the new inkjet printing compatible precursor inks must be prepared or the new deposition methods should be explored. The 2 nd challenge under debate is to slow down the perovskite crystal growth and to the enhance the flow rate of perovskite ink during the infiltration process. The crystal size and crystallinity of perovskite can be well controlled by additives. The addition of the additives can significantly slow down the perovskite crystal growth before and after the admission of the precursor ink into the mesoporous layers. The 5-AVA cations govern development of perovskite crystals in the deep porous cavities of TiO 2 layer and encourage superior crystal development in the regular direction. The proper filling of perovskite liquid in the mesoporous layers (mZrO 2 and mTiO 2 ) strongly depends upon the droplet size, drop release timing and drop location (gap between the drops) [21] . The other comprehensive studies on this issue indicate that the viscosity of liquid, pore size and surface area of mesoporous layers are also important the factors which need to be carefully optimized [22, 23] . There is need to perform the engineering of the mesoporous (TiO 2 and ZrO 2 ) layers to optimize the pore to enhance the flow rate of the perovskite precursors. Here it is important to note that the supreme pore filling within the pores governs by the many parameters. The proper size of TiO 2 nanoparticle guide perovskite liquid during infiltration and help to provide good contact between perovskite liquid and TiO 2 particles [8] . By improving the wettability of the infiltration fluid, the pore filling capability and the flow rate of liquid can be enhanced [24] . The temperature of the perovskite precursor solution and monolithic substrate at the time of perovskite infiltration must be well controlled. The 3 rd main challenge is the Stability of mPSCs. There is a research gap remained to perform the systematic studies on the stability, degradation and charge transport properties in mPSCs. Even though the stability has been achieved for more than 10,000 h [25] in a specific environment, but the further work is highly necessary to make the mPSCs stable in the harsh environment. It has been shown that guanidinium (Gu) greatly improve the stability of perovskite films when mixed with MAPbI 3 precursor [26] . The introduction inorganic cesium (Cs) also improves PSCs and produce high efficiency reproducible device [27] . The addition of four cations (methylammonium (MA), formamidnium (FA), Cs, and Gu) can increase efficiency and stability even further [28] . The above stated triple cation and quadruple-cation perovskites which has been produced efficient and stable device in mesoporous planner architecture with gold as top electrode. However, these perovskite precursors have not been introduced in mPSCs due to the infiltration limits in mPSCs.
If the above-mentioned challenges are properly addressed, then the mPSCs can be easily penetrated the commercial market. Table 2 summarize the recent work on the on large area printable mPSCs.
Approaches used to improve the mPSCs

Structural design optimization
Size of the TiO 2 particles is a crucial component for a virtuous mPSCs. The size of the TiO 2 nanoparticle guide perovskite liquid during infiltration and help to provide good contact between perovskite liquid and TiO 2 particles. Yang et al. [8] performed characterization of mPSCs based on the size of TiO 2 nanoparticle. They employed four different sizes (10, 15, 20, 25 nm) of TiO 2 nanoparticles to fabricate TiO 2 mesoporous layer and obtained the highest efficiency (13.4% PCE) using the 25 nm TiO 2 nanoparticles [8] . mTiO 2 using the inkjet printing has also applied to deposit the highly reproducible and symmetrical mesoporous layers [28] . Liu et al. [9] investigated the different thickness (0.3, 0.5, 1 and 1.4 µm) of the ZrO 2 layers. Maximum efficiency has been found at 1 µm thick ZrO 2 layer. In this work temperature of the perovskite precursor solution and temperature of the monolithic cell at the time of perovskite infiltration have been also studied. 12.34% PCE was obtained when the temperatures of the both monolithic cell and precursor solution was kept at 70 °C, however, maximum short circuit current was obtained using 1.4 µm thick ZrO 2 layer [9] . Champion device (with 13.14% PCE) were fabricated by using the controlled parameters such as filling volume of perovskite, ZrO 2 thickness and process temperature. Al 2 O 3 and SiO 2 [30] have been also investigate as space layer, but their performance has been found inferior as compared to mZrO 2 .
Effect of different polar solvents such as DMF, DMSO, γ-butyrolactone (GBL), and 1-methyl-2-pyrrolidinone (NMP), on the wettability of the perovskite precursor solutions, have been investigated by Chen et al. [12] . The stability of intermediate phase and mPSCs performance has been thoroughly examined and found that DMF and DMSO based solutions possess the better characteristics than GBL and NMP. For further characterization DMF and DMSO was mixed in proper proportion and champion device has been produced with 13.89% PCE. In this work it has been proven that wettability of perovskite precursor solution on mesoporous layers of mPSCs is strongly influenced by the polarity and the viscosity of solvents [12] .
Liu et al. [7] enhanced TiO 2 and perovskite interface by introducing a self-assembled organic silane monolayer by solvent treatment. The mPSCs has been immersed in aminopropyltrimethoxysilane (C 6 H 17 NO 3 Si /0.05 mM) in 2-propanol solvent for few hours to build silane monolayer, washed in 2-propanol and dried under nitrogen. This process form contacts between titanium and silicon and by Fig. 2 . The champion device produces a high V oc of 1.02 V and PCE of 15.86% and long-term stability using(5-AVA) x (MA) 1-x PbI 3 perovskite precursor. These findings provide a simple pathway to design the interface between ETL and perovskite, and to tailor the band alignment to suppress interfacial trap-assisted recombination of mPSCs for enhancing V oc and charge extraction simultaneously [31] .
Use of additives or dopants in perovskite precursor solutions
Based on the coordination, interaction of different components and the colloidal characteristic of precursor solution, the crystal size and crystallinity of perovskite can be well controlled using additives. Many additives have been proposed to mix with perovskite precursor solutions to improve the PCE of the mPSCs (as shown in Table 3 ). [ [32] . In another work Zou et al. [33] varied carbon quantum dots (CQDs) in the perovskite precursor solution before infiltration. It has been found that the little addition of CQDs to the perovskite solution can enhance the photocurrent density of mPSCs [33] .
In another report, a bifunctional 4-(amin omethyl) benzoic acid hydroiodide (AB) was added to MAPbI 3 precursor and the results were compared with the monofunctional cation benzylamine hydroiodide (BA) and nonconjugated bifunctional organic molecule 5-ammonium valeric acid (5-AVA). Devices based on AB+MAPbI 3 show a good stability with a maximum PCE of 15.6%. The SEM analysis of the films made with the above mentioned three precursor solutions is shown in the Fig. 3 . The SEM images of the AB+MAPbI 3 (Fig. 3c, d ) and AVA + MAPbI 3 (Fig. 3e , f) films showed a superior pore-filling due to the COOH groups anchored to the AB and AVA. The bifunctional conjugated cation not only contribute during the growth of perovskite crystals in the mesoporous network but also facilitates the charge transport. This investigation helped to explore the new approaches to rationalize the design of the organic cations for perovskite materials [34] . An alternative approach was also applied by using a molten-salt-based MAPbI 3 precursor solution, in the nano porous graphite based monolithic cells and stabilized photovoltage as high as 1 V (the highest V oc reported for HTL-free MAPbI 3 based devices) has been achieved [35] . 5AVAI has also been used as an additive in MAPbI 3 perovskite liquid and the performance of the cells has been significantly improved.
Chen et al. [11] developed a mixed-anion perovskite CH 3 [13] . Furthermore, guanidinium chloride (GuCl) additive has been introduced by Hou et al. [15] . The Gu cation-built a cross-link connection between the adjoining jots of perovskite shown in Fig. 4 results in the crack free morphology of perovskite crystal. It has been experienced in this work that iodide ions possess inferior electronegativity than the chloride ions. This results up-field swing in the resonance signals and hence the V OC of the mPSCs were improved from 0.88 V to 1.02 V with 14.27% PCE [15] . An inorganic caesium (Cs) cation has also been incorporated into the perovskite and 15% PCE was obtained with superior thermal and operational stabilities [37] . Zong et al. [38] added ammonium chloride (NH 4 Cl) in perovskite precursor solution to demonstrate stability improvement of mPSCs by using simple solution-process [38] . Hou et al. [39] applied formamidinium lead triiodide (Cs 0.1 FA 0.9 PbI 3 ) as the light synthesizer. In this work highquality α-Cs 0.1 FA 0.9 PbI 3 phase inside the mesoporous scaffold has been built using a mixed solvent of DMF and DMSO, and further adding CsI in the precursor solution. The vapor assisted crystallization approach has been used to produc 15% PCE with a spectral response up to 840 nm. The phase transition and crystal growth of Cs 0.1 FAPbI 3 were carefully monitored in the mesoporous scaffold [39] .
Use of different perovskite precursor infiltration techniques
For perovskite infiltration usually, one-step drop casting or two-step dip coating deposition methods has been used. However, these manual perovskite infiltration methods which has been feasible for small area devices are not applicable for large-scale commercial fabrication of mPSCs.
Hashmi et al. [16] [17] [18] performed series of work to address issue of manual perovskite infiltration across mPSCs. They introduced fully printable mPSCs in ambient conditions with inkjet printing of perovskite as illustrated in Fig. 5 . With this procedure highly reproducible devices have been fabricated having 8.15% PCE. These devices withstand for 1046 h for extended light soaking stability test at 35 °C under 1 sun without any degradation [16] . Same mPSCs devices were also tested for intense ultra-violet light soaking for 1002 h under 1.5 Sun UV light illumination. The 150-160 µm of epoxy layer was coated over the mPSCs and dried under vacuum overnight before the UV radiation exposure. mPSCs with epoxy showed a better stability under irradiation and humidity [17] . To improve PCE of these inkjet infiltrated mPSCs Hashmi et al. [18] suggested humidity assisted thermal exposure (HTE) as a post treatment The device kept for 200 h under HTE and shown significant enhancement in the average PCE from 9 to 13.1%, champion device shown 14.3% efficiency with high reproducibility [18] .
Recommendation and concluding remarks
Among the PSCs architectures, mPSCs are the most promising candidate for the scalable fabrication since all the layers in mPSCs can be deposited using printable techniques. However, the PCE of the mPSCs is lower than that of conventional HTM-based PSCs. Also, the stability under continuous illumination and outdoor condition is also very crucial for commercialization. Therefore, improving the PCE and stability of the mPSCs is the priority of this time.
The fill factor and PCE of the mPSC is low due to the inadequate contact, low conductivity and low energy level matching between perovskite and carbon electrode [41] . The PCE of the large area mPSC modules can be enhanced by developing fullerene and graphene derivatives with improved conductivity and better energy levels alignment between perovskite and carbon electrode. The carbon counter electrode with smaller resistance can be prepared by modifying the combination of the conducting graphite and the catalyzing carbon black powders. The liquid metal (LM) as an interface modifier material can be combined with carbon paste to build a carbon electrode with enhanced conductivity. LMs can significantly increase the conductivity of the carbon electrode and optimize the contact property between carbon and perovskite [40] . Furthermore, series resistance can also be kept minimum by using FTO substrates with higher conductivities and without sacrificing optical transmittance. The active area of the module must be enlarged, while at the same time, the mismatch loss and internal resistance should be reduced by careful optimization of the module design.
In mPSCs, annealing of the carbon films is performed at 400°C, however this value of temperature has a negative impact on quality of carbon film [42] . Recent studies revealed the fast and atmospheric sintering process for perovskites films using intense pulsed light (IPL) technique [43] . By using this technique, it could be a future development to avoid the notable damage to the carbon films and better results can be achieved for quick and large area mPSCs fabrication. Application of ultraviolet light filter coating can be an optimistic perspective for large area mPSC. In similar fashion, some optimized & cost-effective encapsulation techniques could revolutionize the degradation problems in mPSCs. To enhance the long-term stability of mPSC hydrophobic additives must be explored. To avoid the degradation issue in mPSCs caused by the ultraviolet radiations, the use of multifunctional photopolymers is a promising solution [44] . The fluoropolymeric layer should be deposited on the front side of the device to block the UV light.
The 2D Ruddlesden-Popper perovskites attracted increasing research attention in recent years. The general formula of the 2D perovskite is [(RNH 3 )A n−1 B n X 3n+1 ] where R is an aromatic group or long-chain alkyl have shown great stability as compared to 3D perovskites [45] .. The capabilities of the other additives in MAPbI 3 such as carbon quantum dots (CQDs) [33] , 4-(aminomethyl) benzoic acid hydroiodide (AB) [34] , molten-salt [35] , must be explored through inkjet printer.. Furthermore, perovskite precursor such as formamidinium lead triiodide (Cs 0.1 FA 0.9 PbI 3 ) [46] and methyl ammonium lead bromide (MAPbBr 3 ) [47] which have produced good results in small scale must be tested for larger scale printing with inkjet perovskite infiltration. For enabling other mesoporous layer inkjet printing, new inkjet printing compatible precursor inks must prepare.
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